The nonstructural NSm protein of tomato spotted wilt tospovirus (TSWV) represents a putative viral movement protein involved in cell-to-cell movement of nonenveloped ribonucleocapsid structures. To study the molecular basis of NSm function, we expressed the protein in Escherichia coli and investigated protein-protein and protein-RNA interactions of NSm protein in vitro. NSm specifically interacts with TSWV N protein and binds single-stranded RNA in a sequence-nonspecific manner. Using NSm as a bait in a yeast two-hybrid screen, we identified two homologous NSm-binding proteins of the DnaJ family from Nicotiana tabacum and Arabidopsis thaliana.
T omato spotted wilt tospovirus (TSWV) is a member of the plant-infecting tospovirus genus of the arthropod-borne Bunyaviridae family. Tospoviruses are severe plant pathogens with a broad host range and are transmitted by thrips as vectors. An estimated annual crop loss of over one billion United States dollars puts tospoviruses among the 10 most detrimental plant viruses worldwide (1, 2) . The tripartite genome of TSWV, using a negative͞ambisense coding strategy, contains five ORFs. The L protein, encoded by the L RNA, represents the putative viral RNA-dependent RNA polymerase, an essential component of virions and nucleocapsids (3) (4) (5) . The S RNA encodes the nonstructural protein NSs of unknown function and the N protein, the main constituent of the nucleocapsid, which is known to bind RNA and to form homooligomeric structures (6 -8) . The spike glycoproteins G1 and G2 and the putative movement protein NSm are encoded by the ambisense M RNA (9) .
Plant viruses have to overcome the barrier of cellulosecontaining cell walls to establish a successful systemic infection of the plant host. Specialized viral movement proteins evolved that facilitate transport of infectious material through plasmodesmata, the intercellular connections of plant cells (10) (11) (12) . Recent findings suggest that these proteins, which recognize and transport the viral genomes as naked nucleic acids or in complex with other viral proteins, resemble plant proteins that are involved in selective trafficking of protein and protein-nucleic acid complexes through plasmodesmata as part of fundamental transport and signaling processes (13, 14) .
Tospoviruses are RNA viruses with a segmented singlestranded genome using negative and ambisense coding strategies. Thus, the RNA-dependent RNA polymerase has to be cotransported with the viral RNA to allow transcription and replication within newly infected cells. A model proposed for TSWV movement predicts a tubule-guided mechanism to transport nucleocapsids, infectious subviral particles of viral genomic RNA complexed with nucleocapsid protein (N), and the viral polymerase (15) . Involvement of tubular structures has been described for como-, nepo-, and caulimoviruses (16) (17) (18) (19) (20) (21) (22) . The NSm protein shows some typical characteristics of viral movement proteins such as expression only at early stages of infection, intracellular localization of NSm close to plasmodesmata and nucleocapsid associations in the cytoplasm, and a tubule-forming capacity (15, 23) .
Thus far, little is known about molecular properties of NSm that enable it to specifically recognize and transport nucleocapsids and to interact with factors of the host cell. Here we characterize the role played by the NSm protein with respect to protein-RNA and protein-protein interactions in vitro. Using NSm as a bait in the yeast two-hybrid system, we identify host proteins that may be involved in the TSWV movement process by interacting with NSm in plants.
Materials and Methods
Expression and Purification of Recombinant Proteins. The NSm gene [TSWV isolate L3 (24) ] was cloned into the vector pET-28a (Novagen) and expressed with an N-terminal (His) 6 -fusion in E. coli HMS174(DE3). To enhance the NSm translation, the argU gene encoding a rare tRNA arg4 [(25) ; S. Leclair, personal communication] was coexpressed in Escherichia coli. Cells were lysed in 8 M urea͞300 mM NaCl͞50 mM Tris⅐HCl, pH 8.0, and the protein was purified by affinity chromatography on Ninitrilotriacetate agarose (Qiagen) according to the manufacturer's manual. Apparent homogeneity of the eluted protein was evaluated by SDS͞PAGE, and these samples were dialyzed against 300 mM NaCl͞50 mM Tris⅐HCl, pH 8.0. (His) 6 -tagged TSWV N protein was expressed and purified as described previously (8) .
removed by digestion with RNase free DNase (Roche Molecular Biochemicals). Transcripts were purified by gel filtration (G-50 Nick Columns, Amersham Pharmacia Biotech) and checked on sequencing gels. A control transcript was generated by using a cDNA of barley yellow mosaic bymovirus (BaYMV) carrying a region between nucleotides 3050 and 3222 of RNA 2 (26) . To generate dsRNA, transcripts were generated from pBluescript KS and SK vectors (Stratagene), which contain a T7 promotor site and had been digested with KpnI or SacI, respectively. To obtain double-stranded RNA, the transcripts were combined in equal amounts. The RNA transcripts were combined with purified (His) 6 tagged NSm in a total volume of 10 l of 1ϫ TBP buffer (90 mM Tris base͞90 mM boric acid͞150 mM KCl, pH 8.0), incubated on ice for 15 min, and separated by electrophoresis on a native 4% polyacrylamide gel in 0.5ϫ TB (90 mM Tris base͞90 mM boric acid, pH 8.0). The gels were dried and analyzed by using a Storm 860 beta imager (Molecular Dynamics). Recombinant expressed and purified (His) 6 -tagged GFP, (His) 10 -tagged ARF1 from Catharanthus roseus (GenBank accession no. AF005238), and unmodified BSA (New England Biolabs) were used as control proteins. For RNA competition experiments, 16S and 23S ribosomal RNA from E. coli MRE600 (Roche Molecular Biochemicals) were used.
Protein Overlay Assay. A protein overlay assay was performed according to ref. 27 by using recombinant TSWV N, NSm, and gluthatione S-transferase (GST) from Schistosoma japonicum. Proteins separated on SDS͞PAGE were transferred to nitrocellulose membrane and renatured after removal of SDS (28) . The membrane was blocked in 20 mM Tris⅐HCl, pH 7.6͞1% milk powder and incubated for 1 hr in 20 mM Tris⅐HCl, pH 7.6, containing 10 g/ml (His) 6 -tagged N protein that had been purified under native conditions as previously described (8) . N protein purified in the stated manner forms homomultimeric structures in vitro in the absence of viral genomic RNA (8) . The membrane was extensively washed and incubated overnight in 0.3% glutardialdehyde (Merck) to crosslink the protein complexes. After subsequent washing, the N protein was detected by using specific antibodies (anti-BR01-IgG; Loewe Biochemica, Sauerlach, Germany) in a standard protocol (29) . Membranes were stained with Ponceau S (Sigma͞Aldrich).
Construction of a Nicotiana tabacum cDNA Library in pAD-GAL4 -2.1.
Poly(A)
ϩ -RNA from leaf tissues of N. tabacum cv. Samsun was prepared by using the guanidine thiocyanate method (30) and an Oligotex mRNA Kit (Qiagen), and a cDNA library was synthesized with a Stratagene HybriZAP-2.1 cDNA synthesis kit (Stratagene). The library contained 1.55 ϫ 10 6 recombinant clones with an average insert size of 1.5 kb. The phage library was converted into a plasmid library by in vivo excision (31) .
Yeast Two-Hybrid Screen. A cDNA encoding TSWV NSm protein (24) was cloned in plasmid pAS2 (CLONTECH) to generate a NSm fusion with the GAL4 DNA binding domain in the yeast strain PJ69-4A (32, 33) . The N. tabacum cDNA library in plasmid pAD-GAL4-2.1 was transformed into the yeast strain Y187 (34) . Colonies were rinsed off the plates and stored in 25% glycerol at Ϫ70°C. Aliquots were used to perform exhaustive mating with the PJ69-4A͞pAS2-NSm bait described above according to refs. 35 and 36. Zygotes were plated onto synthetic dropout medium lacking leucine, tryptophan, and histidine and supplemented with 5 mM 3-aminotriazole (LWH 5 ) and incubated at 30°C for 5 to 10 days. Growing colonies were tested for ␤-galactosidase activity (37) followed by preparation of plasmids from positive clones. In control experiments, rescued plasmids were cotransformed with plasmids pAS2, pBD-SNF1 (38) , and pBD-p53 (39) . Inserts were analyzed by DNA sequencing. 5Ј ends of incomplete cDNA clones were obtained by using the For a GST-pull-down assay (42), gluthatione Sepharose 4B matrix (Amersham Pharmacia Biotech) was loaded with either purified GST-NtDnaJM541 fusion protein, or with a control (GST) or was incubated without proteins in 150 mM NaCl͞20 mM Tris⅐HCl, pH 7.5͞0.1% IGEPAL CA-630 (Sigma). These matrices were incubated with either L[ 
Results

Expression of Recombinant TSWV NSm Protein and Characterization of
Its RNA-Binding Capacity. (His) 6 -tagged NSm protein was expressed in E. coli, purified to apparent homogeneity, and tested for RNA-binding properties. For this, in vitro transcripts corresponding to the 3Ј-and 5Ј-ends of the viral S RNA, respectively (43), were used. A 172-base transcript of RNA 2 of BaYMV (26) was used as a control. TSWV transcripts as well as the control BaYMV RNA formed complexes with the recombinant TSWV NSm protein, resulting in bands of lower electrophoretic mobility (Fig. 1) . Although both in vitro transcripts derived from the TSWV RNA bound to NSm in a very similar manner, the affinity of NSm to the control BaYMV transcript appeared to be slightly lower, as concluded from the higher amount of protein needed to achieve a complete retardation of the RNA. Both 3Ј-and 5Ј-end probes derived from the TSWV RNA were retarded when 3.4 pmol or more NSm was present in the samples, whereas protein amounts of 1.7 pmol had no effect on the mobility of the RNA. With 6.8 pmol of NSm protein, the band of free RNA was quantitatively shifted to high molecular mass complexes. Increasing the NSm amount to 13.6 pmol did not alter the mobility of these complexes. The presence of 32 pmol of NSm prevented the RNA from entering into the gel, indicating the formation of very high molecular mass complexes (data not shown). Similar results were obtained with the BaYMV RNA transcript. Here, the appearance of bands with lower electrophoretic mobility and a complete shift of the free RNA took place when 6.8 pmol and 13.6 pmol NSm were used, respectively. Again radioactive RNA was hindered from entering into the gel when 32 pmol or more was applied to the samples. When single-stranded and doublestranded transcripts derived from pBluescript were used, binding to single-stranded RNA was observed but no binding to doublestranded RNA was found with the same amounts of NSm (data not shown). As additional controls, (His) 6 -tagged GFP, (His) 10 tagged ARF1, and unmodified BSA in comparable concentrations were tested for their capacity to retard the different RNA transcripts in a gel shift assay. No retardation of electrophoretic mobility of RNA transcripts occurred for either of the proteins. Thus, the observed RNA binding was not caused by unspecific binding of the (His) 6 -tag or by unspecific protein-binding properties of the RNA transcripts (data not shown).
Unlabeled E. coli rRNA was used to compete the NSm-RNA binding, and the extent of retardation of radioactive RNA was quantified by phosphorimaging and subsequent densitometric evaluation (Fig. 2) . The half titration points of BaYMV and TSWV RNA were determined by using logarithmic fit and were found to be of the same order of magnitude (about 10 and 16 rRNA͞[␣-33 P]UTP-labeled RNA, respectively), exhibiting again a slightly lower affinity of NSm to the BaYMV RNA transcript.
Interaction of NSm with the Nucleocapsid Protein N. Purified (His) 6 tagged NSm, crude extract of E. coli expressing (His) 6 -tagged NSm, purified GST protein, and purified (His) 6 -tagged N protein were separated by SDS͞PAGE, blotted onto membrane, and probed with (His) 6 -N protein. The protein complexes were crosslinked and subsequently probed with anti-N antibodies (Fig.  3A) . Position of the proteins was confirmed by staining the membrane with Ponceau S (Fig. 3B) . The TSWV N protein was detected as a discrete band in the sample containing the purified NSm protein, as well as in lanes containing a crude extract from E. coli expressing the (His) 6 -tagged NSm. By comparison with bands on the stained membrane, these N signals colocalized with the band of (His) 6 -tagged NSm. Neither other proteins of the crude E. coli lysate nor the control GST protein interacted with the N protein in the overlay assay. To exclude possible crossreactivity of the anti-N antibody with NSm, the same assay was performed without the N protein in the overlay buffer. No crossreactions of the antibodies were observed (data not shown). domain fused cDNA-library from N. tabacum leaf material were screened. Interaction was monitored by histidine prototrophic growth and ␤-galactosidase activity. Plasmids were rescued and verified by double transformation into yeast in combination with the original bait plasmid pBD-NSm, control bait plasmids, and empty vectors (44) . Two identical clones (designated NtDnaJM541 and M551) were found to interact specifically with NSm fused to the GAL4-DNA-binding domain (Fig. 4) . They encoded a region of C-terminal 240 aa of a DnaJ-like protein, which showed the highest homology to Arabadopsis thaliana genes (GenBank accession nos. AC005489, AC010871, AC007258, AC007109, AL021749, and AL049658). A full-length clone was obtained by 5Ј-RACE with gene-specific primers on a cDNA adapter ligated RACE library from N. tabacum leaves (GenBank accession no. of the full-length sequence: AF191497).
In a similar approach, we used a pACT2 cDNA library from A. thaliana (45) and screened 6 ϫ 10 6 yeast clones for interaction with the NSm bait construct. A clone (denoted AtA39) could be identified to interact specifically with TSWV NSm, revealing no unspecific binding to unrelated proteins. AtA39 was found to be identical with one of the Arabidopsis orthologs [GenBank accession no. AL021749 (46) ] to NtDnaJM541. The partial cDNA of AtA39 encoded 314 aa with 70% identity (78% similarity) to NtDnaJM541 (Fig. 5) .
In Vitro Binding of a N. tabacum DnaJ-Like Protein NtDnaJM541 to TSWV NSm. The specificity of the NSm-NtDnaJM541 protein interaction was tested by using a GST-pull-down assay (42) . A GST fusion of NtDnaJM541 protein was expressed in E. coli, purified to homogeneity, and bound to gluthatione-Sepharose beads. The beads were incubated with L[ (Fig. 6, lanes 1-3) . Matrix-bound L[ (Fig. 6, lanes 4-6) . No binding to unloaded or GST-loaded beads was observed, and no L[ 
Discussion
Plant viruses achieve systemic spread by cell-to-cell movement of viral infectious material through plasmodesmata, followed by long-distance transport through the vascular system. For this cell-to-cell movement, they encode specialized movement proteins and develop different movement strategies (reviewed in refs. 12, 47).
One mechanism, which is used by tobamoviruses and dianthoviruses, uses the transport of viral genomic RNA complexed with a movement protein through plasmodesmata that do not undergo extensive structural modifications (48) (49) (50) . Another mechanism involves the movement of viral genomes in the form of complete virions along the newly formed tubular structures, as shown for comoviruses, caulimoviruses, and nepoviruses (16) (17) (18) (19) (20) (21) (22) .
Several molecular features of movement proteins of positive sense RNA viruses have been established, including RNA-binding capacities, association with the cytoskeleton, and ability to form dimers (51) (52) (53) . The TSWV NSm protein has been proposed to be a viral movement protein, because the NSm gene is expressed transiently in infected plants during a short early period of systemic infection (23) . Immunogold labeling shows an association of NSm protein with nucleocapsid aggregates and plasmodesmata of infected plant cells (23) . NSm forms tubular structures emerging from the cell surface of plant protoplasts and penetrating plasmodesmata in infected plant tissues (15) . On the basis of these data, TSWV movement fits best to the tubule model (15, 23) .
To investigate the molecular basis of NSm function, we cloned and expressed the NSm gene in E. coli. The results presented in this study provide evidence for multiple in vitro molecular interactions of the TSWV NSm protein. Gel mobility shift assays, by using purified NSm protein and radioactively labeled in vitro transcribed RNA, revealed a sequence-unspecific ssRNA- Fig. 5. N. tabacum and A. thaliana DnaJ-like proteins. Multiple sequence alignment by using PILEUP (Wisconsin Package Ver. 9.1, Genetics Computer Group). NtDnaJM541, N. tabacum DnaJ-like protein (GenBank accession no. AF191497), AtA39, A. thaliana DnaJ-like protein, (GenBank accession no. AL021749). For both NtDnaJM541 and AtA39, amino acids identified to interact in the two-hybrid screens are in bold letters. The DnaJ domain is depicted, and dots indicate gaps. binding property of NSm (Fig. 1) . In protein-RNA binding experiments by using unlabeled E. coli rRNA as a competitor, the bound RNA was effectively superseded from the complex (Fig. 2) . Because TSWV genomic RNA is thought to form so-called panhandle structures (1) , the binding of NSm to a model RNA substrate has been investigated. This model substrate resembles the precise ends of the 5Ј (96 bases) and 3Ј (96 bases) terminal sequences of TSWV S RNA linked by six artificial bases and forms stable secondary structure in vitro, indicating a panhandle structure (43) . Here, similar reversible binding of NSm was found (T.-R.S., unpublished results). The question whether the panhandle secondary structure of TSWV genomic RNA is involved in specific binding to NSm awaits further investigation.
Similar competition assays by using purified TSWV N protein have revealed a virtually irreversible RNA binding of this protein (7) . The fact that NSm binds RNA much less efficiently suggests a transient NSm-RNA interaction during the transport process.
The RNA-binding capability is a common characteristic of movement proteins of positive sense RNA viruses, irrespective of whether they move naked genomic RNA or virions (51, (53) (54) (55) . Our results provide evidence that the movement protein of a negative-sense RNA virus may have similar properties.
A prerequisite for tubule-guided movement of the TSWV nucleocapsid is a specific recognition of its nucleocapsid components by NSm. Our results from gel-overlay assays (Fig. 3) suggest that this recognition is provided by an interaction of NSm with the N protein, the main constituent of the nucleocapsid. This observation supports data indicating that NSm colocalizes with nucleocapsid (23) .
In summary, our data define two molecular properties of the TSWV NSm protein: interaction with the N protein and with ssRNA. These data thus support a tubule-guided mechanism of TSWV nucleocapsid movement proposed by ref. 15 .
To answer the question concerning the involvement of host factors, we performed a yeast two-hybrid screen by using NSm as a bait that resulted in the isolation of DnaJ-homologues from both N. tabacum and A. thaliana (Fig. 4) . The interaction in yeast was confirmed by a biochemical assay in vitro by using a GST fusion of tobacco DnaJ (NtDnaJM541) expressed in E. coli to pull down a radioactively labeled NSm protein transcribed and translated in vitro (Fig. 6) .
Sequence alignment showed a high degree of homology between the two DnaJ-homologues interacting with NSm (Fig.  5) . Computation of a phylogenetic tree omitting the J-domain shows that they, together with four additional DnaJ-like sequences found in A. thaliana, form a distinct group, more closely related to certain bacterial, fungal, and mammalian DnaJ proteins than to other plant DnaJ proteins.
Proteins of the DnaJ family are characterized by an N-terminal J-domain. In the best described subgroup of this family, the Hsp-40 family, including the E. coli DnaJ protein, four domains were characterized: an N-terminal J-domain, a glycine-and phenylalanine-rich region, a cysteine-rich zinc-finger domain, and a less well conserved C-terminal domain that is thought to be involved in substrate binding. The NSm interacting DnaJ homologues from A. thaliana and N. tabacum belong to a subclass of the DnaJ family that only contain the J-domain. Proteins of this subclass have been implicated to take part in diverse cellular processes, including protein translocation into mammalian endoplasmic reticulum (56) , mitochondrial protein import (57) , protein import into plant peroxisomes (58) , and microtubule formation (59) . Generally, DnaJ proteins are key regulators of the Hsp-70 chaperone. The DnaJ-domain binds to Hsp-70, changing its conformation and stimulating ATP hydrolysis (reviewed in ref. 60) .
The specific interaction between NSm and proteins from the DnaJ family suggests a possible involvement of a Hsp-70-dependent mechanism in the TSWV movement. Interestingly, Hsp-70 activity has been implicated in viral movement of BYV, a member of the Closteroviridae. A Hsp-70 homolog encoded by the viral genome was shown to escort virions to their destination in infected cells and to participate in the intercellular translocation of BYV (61) . In complementation assays, the BYVencoded Hsp-70 homolog can substitute potexvirus or hordeivirus movement proteins, providing a direct evidence for its role in cell-to-cell movement (62) . An additional feature of the BYV Hsp-70 protein is its ability to bind to microtubules (63) . The cytoskeleton is thought to be involved in viral intracellular and possibly intercellular movement. Besides a direct association between a viral movement protein and cytoskeleton, which is shown for the TMV P30 protein (52, 64) , an indirect contact via a Hsp-70 protein, either as an intrinsic viral component or recruited by viral structures, is also conceivable. The fact that Hsp-70 has been detected in phloem exudates (65) indicates that it might have some intrinsic properties that facilitate its intercellular transport through plasmodesmata. This leads to speculation that the protein itself may be involved in transport processes. In the case of protein import to mitochondria, Hsp-70 in fact acts as a molecular motor providing a driving force for the translocation process (66) .
The transport of RNA-protein complexes through plasmodesmata involves major structural modifications on the side of plasmodesmata by changing the size exclusion limit and on the side of transported complexes by changing their size via disassembly or unfolding. Therefore, it seems reasonable to discuss an Hsp-70-dependent mechanism. Hsp-70 may be recruited via the NSm interacting DnaJ protein to the TSWV transport complex.
Summarizing, interaction of NSm with the TSWV N protein and RNA may provide a molecular basis for specific recognition of nucleocapsid structures, and the interaction with a plant DnaJ protein could link the viral structures to elements of a plant machinery directing intercellular transport through plasmodesmata.
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